The effects of cerium content in the range of 0-0.022 wt%, on the microstructure, texture and magnetic properties of four non-oriented electrical steels have been studied. After final annealing, grain size increased with increasing cerium content and reached a maximum value in the steel with 0.011 wt% cerium. Furthermore, steel containing 0.003 wt% cerium had the strongest (110)͗001͘ texture among the steels. In the steel with the same cerium content, the intensity of (111)͗uvw͘ fiber texture decreased with decreasing hot finishing rolling temperature and increasing hot band annealing temperature. Under the same processing conditions, flux density slightly increased with increasing cerium and reached a maximum value in the steel with 0.003 wt% cerium. For steel with the same cerium content, flux density increased with increasing hot band annealing temperature and decreasing hot finishing rolling temperature. Conversely, core loss decreased with increasing cerium content and reached a minimum value in the steels containing 0.003 wt% cerium. For steel with the same cerium content, core loss decreased with increasing hot band annealing temperature and decreasing hot finishing rolling temperature. Steel with 0.003 wt% cerium obtained the best magnetic properties, predominantly through the development of favorable texture and optimum grain size.
Introduction
Non-oriented electrical steel is an important functional material that is used in the laminated cores of motors and generators. Due to concerns for energy conservation, it is important to improve the efficiency of these electrical machines. Therefore, much research is devoted to the study and development of high magnetic induction and low core loss electrical steels. Many factors, such as chemical composition, impurities, inclusions, grain size, and texture are known to influence the magnetic properties of non-oriented electrical steels. [1] [2] [3] [4] [5] [6] [7] [8] It is well known that impurities and inclusions are deleterious to magnetic properties, either directly by impeding the magnetic domain movement, or indirectly through refining the grain size during final annealing. Sulfur is a harmful impurity element in electrical steels. During solidification, sulfur tends to react with manganese to form manganese sulfide. Rastogi 9) investigated the effects of manganese and sulfur on the texture and magnetic properties of lamination steels and found that increasing the manganese content could enhance magnetic properties. Liao 10) found that decreasing the sulfur content from 0.018 to 0.010 wt% could improve the core loss of lamination steels at all induction levels. Nakayama et al. 11) also studied the effect of slab reheating temperature on the magnetic properties of semi-processed electrical steels and found that a low slab reheating temperature had the advantage of improving magnetic properties. Rare earth elements (REEs) have strong mutual chemical affinity with sulfur and oxygen and tend to form high melting point oxides, oxysulfides and sulfides. [12] [13] [14] Cerium is one of the rare earth elements, which is a strong deoxidizer and desulfurizer. Takashima et al. 15) found that addition of both 0.003 wt% cerium and aluminum into non-oriented electrical steel could reduce core loss by coarsening grain size in the range of 45-70 mm after stress relief annealing. In order to improve magnetic properties, the oxygen and sulfur impurities in non-oriented electrical steels were kept to very low levels. So far, there are no reports that thoroughly studied the effect of cerium content and process variables on the microstructure, texture and magnetic properties of fullyprocessed non-oriented electrical steels. This fact stimulated us to systematically study the effects of cerium content, hot rolling finishing temperature (F.T.), and hot band annealing temperature (Ta.) on the inclusion size and distribution, microstructure, texture and magnetic properties of non-oriented electrical steels.
Experimental Procedure
Four non-oriented electrical steels with varing cerium content were prepared in a 250 kg vacuum induction fur-nace and cast into 500 mmϫ300 mmϫ100 mm ingots. Table 1 shows their chemical compositions. The proportions of cerium content were 0, 0.003, 0.011, and 0.022 wt%. The proportions of other elements were 0.003 wt% carbon, 1.15 wt% silicon, 0.42 wt% manganese, 0.009 wt% phosphorus, 0.006 wt% sulfur, and 0.33 wt% aluminum, with 0.002 wt% nitrogen and 0.0007 wt% oxygen. The steel ingots were reheated to 1 200°C for 2 h, and hot-rolled in two steps by a two-high pilot hot rolling mill with intermediate annealing at 1 200°C for 1 h. Two levels of hot-rolled finishing temperature were conducted at 890°C and 820°C. The thickness of steel ingots after rough rolling was 20 mm, and after finishing rolling was 3.2 mm. After air cooling to room temperature, hot-rolled bands were annealed at 900°C and 700°C respectively for 2 h and allowed to cool in the furnace. Then, the annealed hot-rolled bands were uniformly milled to 2.3 mm by a milling machine from both sides to remove any scale on the surfaces. A four high pilot cold rolling mill was used to cold-roll the hot-rolled bands to the final thickness of 0.5 mm with a total reduction of 78 %. Then, the cold-rolled steels sheets were cut into 60 mmϫ30 mm coupons both in longitudinal and transverse direction with respect to the rolling direction. Finally, the coupons were annealed in a vacuum infrared furnace set at 950°C for 2 min with a heating rate 5°C per second to simulate continuous annealing.
After cold-rolling and final annealing, magnetic properties of the specimens were measured using a Soken DAC-BHW-2 electrical steel tester. Magnetic flux density was measured at 5 000 A/M field strength and ac core loss was measured at 15 kG induction and 50 Hz, respectively. Both longitudinal and transverse specimens were measured and their values were averaged. Microstructures of both annealed hot-rolled bands and finally annealed cold-rolled steel sheets were observed by optical microscope and image analyzer. To measure the number and size distribution of inclusions in the annealed hot-rolled bands, specimens were examined using an Hitachi S-30 scanning electron microscope at 2 000ϫ magnification. Fifty field images were taken of each specimen and the size and number of inclusions measured using a Leco IA3-001 image analysis system. Inclusion density is here defined as the total inclusion number divided by the total counted area. Grain size of the cold-rolled steel sheets after final annealing was measured by using the intercept method based on ASTM standard E-112.
After final annealing, cold rolled specimens for texture examination were ground to quarter thickness from the surface and etched with a hydrogen peroxide solution mixed with several drops of hydrofluoric acid. Each specimen was analyzed to measure (110), (200), and (112) pole figures using a Siemens D-5000 X-ray diffractometer with a texture attachment. The diffractometer used Mo radiation and was operated at 40 kV and 25 mA. Then three pole figure data was used to calculate the orientation distribution by ODF software with Lϭ20.
Results and Discussion

Inclusion Size Distribution
Quantitatively, the inclusion size distribution in the nonoriented electrical steels that were finished by rolling at 890°C and hot bands annealed at 900°C is shown in Fig. 1 . From Fig. 1(a) , the specimen without cerium has the highest inclusion density in the whole size range. In the size range 0-3 mm, its inclusion density is four times greater than that in the specimens containing different amount of cerium. There is little difference in the inclusion densities in the specimens containing different cerium contents. The specimen containing 0.011 wt% cerium has a slightly © 2008 ISIJ higher inclusion density than the other two steels. However, the specimen with 0.022 wt% cerium has a far greater population of inclusions that are larger than 4 mm. Furthermore, specimen with 0.003 wt% cerium has the lowest population density in the inclusion size range 0-1 mm. Figure  1 (b) shows the inclusion size distributions in the range 0-1 mm for the electrical steels. It was found that the specimen without cerium has the highest population density of fine inclusions. Its distribution has a peak inclusion density value at 0.4-0.5 mm. By comparison, the inclusion distribution in the specimen with 0.003 wt% cerium is very broad and flat. The inclusion distribution in the specimen with 0.011 wt% cerium has a peak inclusion density value at 0.5-0.6 mm. The inclusion distribution in the specimen with 0.0022 wt% cerium is also broad and has a peak intensity value at 0.2-0.3 mm. Figure 2 shows the inclusion size distribution in the non-oriented electrical steels finished by rolling at 890°C and hot bands annealed at 700°C. In addition to the steel without cerium, the inclusion densities in steels containing different amounts of cerium are far greater than those annealed at 900°C. It is postulated that inclusion coarsening occurred in the hot rolled bands while they were annealed at the higher temperature. In the steel without cerium, its inclusion density is less than that annealed at 900°C. It is postulated that the temperature was not high enough for fine aluminum nitride to precipitate out at 700°C. Furthermore, Fig. 2 (b) shows that the average inclusion diameter is largest in the steel containing 0.011 wt% cerium. Figure 3 shows the inclusion size distribution in the non-oriented electrical steels that were finished by rolling at 820°C and hot bands annealed at 900°C. At this processing condition, the numbers of fine inclusions with size less than 1 mm are the lowest. Figure 4 shows the inclusion size distribution in the non-oriented electrical steels that were finished by rolling at 820°C and hot bands annealed at 700°C. At these processing conditions, the number of inclusions is much higher than that annealed at 900°C. Furthermore, their inclusion sizes are finer than in the steels containing different amount of cerium when annealed at 900°C. At the same finishing hot rolled temperature, the quantities of fine inclusion with size less than 1 mm in hot bands annealed at 700°C are much more than in the sample annealed at 900°C. However, the number of inclusions with sizes larger than 2 mm in hot bands annealed at 700°C are much fewer than that annealed at 900°C. It is postulated that inclusion coarsening occurred during hot bands annealing at 900°C. When hot bands were annealed at 900°C, steels with a high hot finishing rolling temperature have a slightly higher inclusion density than those with high hot finishing rolled temperature. However, when hot bands were annealed at 700°C, the effect of hot finishing temperature on inclusion density was not obvious.
Microstructure of Annealed Hot Bands
For the steels finishing by rolling at 890°C and annealed at 700°C, most portions of the specimens recrystallized with a fine grain, except a small central portions in the specimens containing various amount of cerium. However, for the steels finished by rolling at 890°C and annealed at 900°C, all the specimens have completely recrystallized as shown in Fig. 5 . Their grain sizes are much larger than those annealed at 700°C. Moreover, exaggerated grain growth occurs at the subsurface of specimens containing 0.003-0.011 wt% cerium. Meanwhile, average grain size in the steel containing 0.011 wt% cerium is larger than that in other steels. For the steels finished by rolling at 820°C and annealed at 700°C, besides the specimen containing 0.011 wt% cerium, another three specimens show a completely recrystallized structure. Furthermore, their grain sizes are small. For the steels finished rolled at 820°C and annealed at 900°C, all the specimens have completely recrystallized as shown in Fig. 6 . Moreover, the specimen containing 0.011 wt% cerium has the largest grain size of all the steels.
Hot rolled finishing temperature, hot band annealing temperature, and inclusion size and number, all influence the microstructure of hot bands. In this study, the effect of hot band annealing temperature on the grain size is more pronounced. Since grains grow rapidly at high annealing temperature, the grain size of hot band specimens annealed at 900°C is much larger than those annealed at 700°C. As described above, the quantities of fine inclusions in hot bands annealed at 700°C are much greater than those annealed at 900°C. Since inclusions can impede the recrystallization and grain growth during hot band annealing, some specimens are not completely recrystallized in the steels annealed at only 700°C. The effect of hot rolled finishing temperature on hot band grain size is not obvious. As explained before, steel containing 0.011 wt% has much coarser inclusion size than the other steels when annealed at 900°C. Therefore, it has the largest grain size after hot band annealing as shown in Figs. 5 and 6.
Grain Size after Final Cold-rolled Steel Sheets
Annealing The effects of cerium content, hot rolled finishing temperature and hot band annealing temperature on the grain size of non-oriented electrical steels after final annealing are shown in Figs. 7(a) and 7(b) . At the same hot rolling conditions, grain size increases with increasing cerium content in steels, and reaches a maximum in the specimen containing 0.011 wt% cerium. Above this value, grain size decreases with increasing cerium content. For the steels with the same cerium content and finishing rolled temperature, their grain sizes increase with increasing hot-band annealing temperature. For the steels with the same cerium content and hot band annealing temperature, except for the specimen containing 0.011 wt% cerium, finishing temperature has little effect on grain size. However, the grain size of the specimen containing 0.011 wt% cerium increases with increasing hot rolled finishing temperature.
Many factors, such as inclusion volume fraction, inclusion size, hot band grain size, cold rolled reduction, and continuous annealing temperature and time affect the final grain size of non-oriented electrical steels. In this study, cold rolled reduction, and continuous annealing temperature and time are kept constant. Therefore, the population density and size of inclusion, and prior hot grain size play very important roles. According to Zener theory, the inhibition strength against grain growth is proportional to the volume fraction of inclusions and is inversely proportional to average inclusion radius. 16) Therefore, fine inclusions more effectively impede grain growth in non-oriented electrical steels during recrystallization. As mentioned previously, steel containing 0.011 wt% cerium has the greatest average inclusion size compared to other steels. Therefore, the specimen with 0.011 wt% cerium achieves the largest grain size after final annealing. On the other hand, the specimen without cerium has the highest quantity of fine MnS and AlN inclusions. Therefore, it has the smallest grain size among the other steels after final annealing. The quantity and size of inclusion in both steels containing 0.003 wt% and 0.0022 wt% cerium are almost the same. Therefore, the grain size difference between these two steels is small. The prior hot band grain size also influences the final grain size after final continuous annealing. 17) During final annealing, the prior grain boundary is a potential nucleation site for recrystallization. Fewer nucleation sites occurring in the deformed matrix lead to a coarser grain. Therefore, steels with large prior grain size will have large grain size after final annealing. As discussed previously, steel with 0.011 wt% cerium has the largest hot band grain size after annealing at 900°C. This is another reason why steel with 0.011 wt% cerium obtains the largest grain size after final annealing. Also mentioned before, the hot band grain size increases with increasing annealing temperature. Therefore, in the steels with the same cerium content and finishing rolled temperature, their final grain sizes increase with increasing hot-band annealing temperature. 
Texture
The effects of cerium content, hot rolled finishing temperature and hot band annealing temperature on the orientation distribution function of the final annealed steel sheets are shown in Figs. 8(a)-8(d) . The main low index orientations of cubic structure materials in the Euler space are located at the orientation distribution function maps at F 2 ϭ0°and F 2 ϭ45°as shown in Fig. 8(e) .
18) The main preferred orientations of all the annealed specimens are (001)͗100͘, (011)͗100͘ and (111)͗110͘, (111)͗112͘ and (111)͗123͘. However, their intensities are changed with cerium content, finishing temperature, and hot band annealing temperature as shown in Figs. 9-12 . For steels that were rolled at 890°C and hot band annealed at 700°C, the intensities of (001)͗100͘ and (011)͗100͘ texture increase with increasing cerium content and reaches a maximum value in the specimen containing 0.003 wt% cerium. Thereafter, their intensities decrease with increasing cerium content as shown in Fig. 9(a) . On the other hand, the intensity of (111)͗110͘ abruptly decreases with increasing cerium content and reaches a minimum value in the specimen containing 0.011 wt% cerium. Then, it rapidly increases with cerium content. Furthermore, the intensity of (111)͗121͘ increases with cerium content and reaches a maximum value in the specimen containing 0.011 wt% cerium. Thereafter, it decreases slightly with cerium as shown in Fig. 9(b) . For steels that were rolled at 890°C and hot band annealed at 900°C, the variations of (001)͗100͘ and (110)͗100͘ texture with cerium are similar to the texture in specimens with a finishing temperature of 890°C and hot band annealed at 700°C. The specimen containing 0.003 wt% cerium has the strongest intensities of (001)͗100͘ and (110)͗100͘ texture as shown in Fig. 10(a) . However, the specimen containing 0.011 wt% cerium has the strongest intensities of (111)͗110͘ and (111)͗121͘ texture ( Fig. 10(b) ). Specimens containing less than 0.003 wt% cerium have weak (111)͗uvw͘ fiber texture. For steels that were rolled at 820°C and hot band annealed at 700°C, the specimen containing 0.003 wt% cerium had the strongest intensities of (001)͗100͘ and (110)͗100͘ texture as shown in Fig. 11(a) .
However, intensities of (001)͗100͘ and (011)͗100͘ texture are weak in the specimens containing more than 0.011 wt% cerium. Moreover, the specimen containing 0.011 wt% cerium has the strongest (111)͗uvw͘ fiber texture as shown in Fig. 11(b) . For steels that were finished by rolling at 820°C and hot band annealed at 900°C, the specimen that contains 0.003 wt% cerium has the maximum intensity of (011)͗100͘ texture as shown in Fig. 12(a) . However, the specimen containing 0.011 wt% cerium has the strongest (001)͗100͘ texture, although the effect of cerium on the intensity of g fiber texture is not pronounced, and this is seen in Fig. 12(b) . Comparing Figs. 9-12, under the same process conditions, the specimen with 0.003 wt% cerium has the strongest (011)͗100͘ texture. And, the specimen without cerium has the second strongest (011)͗100͘ texture. In the steels containing the same amount of cerium, the intensity of (111)͗uvw͘ g fiber texture decreases with decreasing hot finishing rolling temperature and increasing hot band annealing temperature.
Magnetic Properties
Magnetic Flux Density
The effects of cerium content, hot rolled finishing temperature and hot band annealed temperature on the magnetic flux density in non-oriented electrical steels after final annealing are shown in Fig. 13 . Under the same processing conditions, magnetic flux density slightly increases with increasing cerium content and reaches a maximum value in the specimen containing 0.003 wt% cerium. Thereafter, it decreases sharply with increasing cerium content. At the same hot band annealing temperature and composition, the magnetic flux density of specimens with a low finishing rolling temperature is greater than that with high finishing rolling temperature. At the same hot rolling finishing temperature and composition, the magnetic flux densities of specimens with high hot band annealing temperature are larger than those with low hot band annealing temperature.
Core Loss
The effects of cerium content, hot rolled finishing temperature and hot band annealed temperature on the core loss of non-oriented electrical steels after final annealing are shown in Fig. 14 . Under the same processing conditions, core loss initially decreases with increasing cerium content and reaches a minimum value in the specimen containing 0.003 wt% cerium. Thereafter, it increases with increasing cerium content. At the same hot band annealing temperature and composition, the core loss in specimens with high finishing rolling temperature is larger than in those with low finishing rolling temperature. At the same hot rolling finishing temperature and composition, the core loss in specimens with high hot band annealing temperature is smaller than in those with low hot band annealing temperature.
Many factors, such as grain size, texture, impurities and inclusions affect the magnetic properties of non-oriented electrical steels. 1) Grain boundaries represent a barrier that impedes domain movement during magnetization. Therefore, coarse grain size is a benefit in decreasing hysteresis loss and core loss. On the other hand, coarse grain size induces large domain sizes and large eddy current losses. Therefore, there is an optimum grain size to achieve minimum core loss. Shimanaka et al. 19) found that the optimum grain size to obtain minimum core loss increases with increasing silicon content in non-oriented electrical steels. In steels containing 1.85 % silicon, its optimum grain size is approximately 100 mm. However, the optimum grain size in steels containing 3.2 % silicon is 150 mm. In this study, all steels contained the same silicon content at 1.15 wt%. The relationship between core loss and grain size is shown in Fig. 15 . The optimum grain size in non-oriented electrical steels containing 1.15 wt% silicon is found to be 95 mm. As shown in Fig. 7 , the grain sizes of other three steels are less than 100 mm, except the steel with 0.011 wt% cerium. Furthermore, the grain size of steel with 0.003 wt% cerium is larger than that of steel without cerium. The grain size of steel with 0.003 wt% cerium is a little larger than that of steel with 0.022 wt% cerium. Except the specimen with hot finishing rolling at 820°C and hot band annealing at 700°C, the grain size of steel with 0.011 wt% cerium is in the range of 105-125 mm. Its grain size is larger than the optimum grain size to obtain minimum core loss in non-oriented electrical steels containing 1.15 wt% silicon. Since the grain size of steel with 0.003 wt% cerium is very close to the optimum grain size to get minimum core loss, this leads to a corresponding minimum in core loss at this level of cerium. Another significant factor that influences magnetic properties is the crystallographic texture component. It is well known that the ͗100͘ crystallographic axis of a-iron is the easiest magnetization direction. However, the ͗111͘ crystallographic axis is the most difficult magnetization direction. Both (001) and (011) crystallographic planes contain the easy magnetization direction and are favorable to the magnetic properties of non-oriented electrical steels. However, the (111) crystallographic plane does not contain any easy magnetization axis. Thus, (111)͗110͘, (111)͗112͘ and (111)͗123͘ textures are deleterious to the magnetic properties of non-oriented electrical steels. As mentioned before, with the same processing conditions, steel with 0.003 wt% cerium develops the strongest (011)͗100͘ texture. And steel without cerium develops the second strongest (011)͗100͘ texture. Apart from the specimen with hot finishing rolling at 820°C and hot band annealing at 900°C, steel with 0.003 wt% cerium develops the strongest (001)͗100͘ texture. On the other hand, specimens with 0.003 wt% cerium and hot finishing rolling at 890°C have relative weak (111)͗uvw͘ fiber texture as shown in Figs. 9 and 10. This is the second reason that steel with 0.003 wt% cerium has minimum core loss and maximum flux density. Moreover, under the same processing conditions, steel without cerium has the second strongest (011)͗100͘ texture, and therefore has the second largest flux density. In the steel containing the same cerium content, the intensity of (111)͗uvw͘ fiber texture decreases with decreasing hot finishing rolling temperature and increasing hot band annealing temperature. Therefore, flux density increases with decreasing hot finishing rolling temperature and increasing hot band annealing temperature as shown in Fig. 13 . Furthermore, core loss decreases with decreasing hot finishing rolling temperature and increasing hot band annealing temperature as shown in Fig. 14 . Another factor that influences the magnetic properties is population and size of inclusions. Since inclusions impede domain movement during magnetization, they lead to increase in the hysteresis loss and core loss. As stated above, steel without cerium has the largest population density and finest inclusions. Figures 13 and 14 show that the magnetic properties of steel with 0.022 wt% are poor compared with that of steel without cerium. It implies that the effect of inclusion on magnetic properties is less pronounced than grain size and texture. 
Conclusion
The effects of cerium content, hot finishing rolling temperature and hot band annealing temperature on the inclusion type, microstructure, texture and magnetic properties of non-oriented electrical steels have been studied. The results are summarized as following.
(1) The average diameter of inclusions is less than 1 mm, steel with 0.011 wt% has the largest mean inclusion diameter. The steels with 0.003 wt% and 0.022 wt% cerium have almost the same mean inclusion diameter. However, steel without cerium has the smallest mean inclusion diameter. Cerium drastically reduces the population of inclusions in non-oriented electrical steels through coarsening inclusion size.
(2) After final annealing, because of the influence of inclusion size and population in steels, grain size of cold rolled steel sheet increases with increasing cerium content and reaches a maximum value in the steel with 0.011 wt% cerium. Thereafter, it decreases with increasing cerium content in steel. Final grain size also increases with increasing hot annealing temperature due to their coarse hot band grain size.
(3) Under the same processing conditions, steel containing 0.003 wt% cerium has the strongest (110)͗001͘ texture of all the steels after final annealing. The specimen containing zero cerium has the second strongest (011)͗100͘ texture. In the steel containing equal amounts of cerium, the intensity of (111)͗uvw͘ g fiber texture decreases with decreasing hot finishing rolling temperature and increasing hot band annealing temperature.
(4) Under the same processing conditions, flux density increases slightly with increasing cerium in steels and reaches a maximum value in the steel with 0.003 wt% cerium. Thereafter, flux density decreases with increasing cerium content. For steel with the same cerium content, flux density increases with increasing hot band annealing temperature and decreasing hot finishing rolling temperature. On the other hand, core loss decreases with increasing cerium content in steel and reaches a minimum value in the steels containing 0.003 wt% cerium. Thereafter, core loss increases with increasing cerium in steels. For steel with the same cerium content, core loss decreases with increasing hot band annealing temperature and decreasing hot finishing rolling temperature. Steel with 0.003 wt% cerium demonstrates the best magnetic properties mainly through the development of a favorable texture and optimum final grain size.
